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For the convenience of readers who may prefer to use metric (International System) units rather than the inch-pound units used in this report, values may be converted by using the following factors:
Multiply inch-pound unit inch (in.) foot ( Availability of ground water in Bay County, Michigan, has been of concern for many years. At some locations well yield has been barely adequate to meet the need; at other locations the high mineralization of the water has made it unsuitable for domestic use. Alternative supplies are not readily available. Past coal-mining activity has been thought by many residents to be responsible for the poor quality of water in the glacial deposits which are the source of many domestic supplies. However, abandoned coal mines and bedrock contain highly mineralized water; movement of this water during the past 100 years because of pumping from water-supply wells and mines could have increased mineralization of water in glacial deposits. Other potential pathways for migration of highly mineralized water are the numerous exploratory holes drilled for brine, oil, and coal. The affect of these holes on the movement of mineralized water into glacial deposits is not known and probably cannot be easily determined. Because numerous flowing wells are present throughout the area, potential for upward movement of salty water is great.
Purpose and Scope of Study
This report describes the results of a study to (1) determine the chemical and physical characteristics of ground water in Monitor and Williams Townships, (2) relate these characteristics to the source of water, and (3) evaluate the effect, if any, of water from abandoned coal mines on chemical characteristics of domestic ground-water supplies.
Methods of Investigation
In the initial stages of the investigation, geologic and hydrologic data in the files of the Geological Survey Division of the Department of Natural Resources and the U.S. Geological Survey were compiled and analyzed. Previous reports, including those describing past coal-mining activity, were reviewed and pertinent information extracted. Four-inch diameter observation wells were installed at 20 sites to measure the chemical and physical characteristics of water in glacial deposits, abandoned coal mines, coal deposits, and Saginaw Formation. Once the wells were installed, water samples were collected and analyzed for a wide range of constituents, including common dissolved substances, trace metals, and gases. The Geological Survey Division made field measurements of specific.conductance, pH, and temperature of water from 116 wells. They also studied records of coal-mining activity, and provided geologic sections based on an analysis of bore-hole data. In addition, the State of Michigan's water-quality laboratory analyzed 69 water samples for calcium, magnesium, sodium, potassium, chloride, sulfate, bicarbonate, and carbonate, and measured pH.
Description of Study Area
The study area, about 60 mi 2 , is in Bay County in the east-central part of Michigan's Lower Peninsula ( fig. 1 ). The principal areas of investigation were in Monitor and Williams Townships; supporting data were obtained in the townships of Beaver, Bangor, Frankenlust, Kawkawlin, and Merritt. Altitude of land surface ranges from 585 ft along the east part of Frankenlust Township and the southwest part of Merritt Township to 640 ft southwest of Auburn; in most of the area, however, the altitude is between 595 and 610 ft. Monitor and Williams Townships are drained by the Kawkawlin River; southwest Merritt Township is drained by Cheboyganing Creek (a north-flowing stream about 2 mi west of the township). The Kawkawlin River flows to Lake Huron about 3 mi east of Monitor Township. Auburn, the only community within the study area, has a population of 1,921 (U.S. Department of Commerce, 1982) .
The study area is in the northeastern part of the Michigan coal basin, an area of 12,000 mi2 ( fig. 2) . Known coal reserves underlie Monitor and Williams Townships. Coal was discovered in Monitor Township in 1893 and mining of coal began in 1895 (Cooper, 1906) . Coal beds generally range in thickness from 2 in. to 4 ft and are lenticular. At some places, two to four beds occur in the vertical sequence. Table 1 shows that coal beds in the Letter following number in well number indicates source of water: A, abandoned mine; C, beds containing coal; F, Saginaw Formation; G, glaical deposits.
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Glacial deposits underlie all the study area. The deposits range in thickness from 75 to 175 ft; they are thickest in buried valleys that cut diagonally northeastward across Frankenlust, Monitor, and Williams Townships and northwestward across Merritt Township (fig. 4 ). In the upper 50 to 150 ft, the glacial deposits consist of clay ( fig. 5 ) that may contain thin layers of silt or very fine-grained sand. In some places, the clay extends from land surface to the bedrock surface; at other places, sand and gravel beds ranging in thickness from a few feet to 60 ft occur in the lower part of the glacial deposits.
The clay yields only scant amounts of water, mostly to crock wells. Sand and gravel beds, which are most widespread in the northeastern and western parts of Monitor Township and in the northeastern and southeastern part of Williams Township ( fig. 6 ), yield water to some wells in sufficient quantities to supply domestic needs. Many wells that tap sand and gravel beds yield potable water.
In the late 1800 f s and early 1900's, many wells completed in glacial deposits in northwestern Monitor Township and northeastern Williams Township flowed (Cooper, 1906) . Most wells were 50 to 100 ft deep. Water from the flowing wells was often reported to be "salty".
Saginaw Formation
The Saginaw Formation of Pennsylvanian age is the uppermost bedrock unit in the study area and the only bedrock unit investigated for this report. The formation, which immediately underlies glacial deposits throughout the study area, is several hundred feet thick and is primarily shale and silty shale. It contains beds of siltstone and fine-grained sandstone and thin (2 in. to 4 ft thick) beds of coal ( fig. 5) . A limestone bed was found during installation of one well (B11F). It is difficult and, in most areas, impossible to trace specific beds for any great distance. For example, in the lithologic columns in figure 5 , some beds are found in only one well. Few beds can be traced beyond two or three adjacent wells. Because there is no evidence of significant geologic structure (although small displacements of a few tens of feet would not be easily discernable), it is believed that the discontinuity of beds is due to depositional variation.
Sandstone and siltstone beds in the Saginaw Formation yield water to many wells but quantities are scant and the water is sometimes highly mineralized. Because of the discontinuity of beds, water in the lenticular sandstone, siltstone, and coal beds, under natural conditions, is usually confined by the relatively impermeable shale or silty shale surrounding it. Conditions are similar at abandoned mines, except water can flow more freely in open, man-made shafts. The general relation of rock units to each other and to ground-water flow is shown in figure 7 . 
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Base from U.S. Geological Survey 1:24,000 quadrangles BAY CO SAGINAW CO At most places, water in the Saginaw Formation moves very slowly--probably no more than a few feet per year. However, in areas where the formation is in contact with sand and gravel in glacial deposits and under pumping conditions similar to that shown by well A in figure 7, water flows more rapidly and moves from the formation to the sand and gravel. A domestic well so situated would collect water from both bedrock and glacial deposits. Under such conditions, water from the well would perhaps initially be potable, but in time would become unsuitable for use because more highly mineralized water would flow to the well from the bedrock. Wells in siltstone and sandstone beds in the Saginaw Formation, such as well B in figure 7, yield water, but commonly in only small quantities; at most places the water is highly mineralized.
CHEMICAL AND PHYSICAL CHARACTERISTICS OF GROUND WATER
The occurrence of highly mineralized ground water in Bay County has been reported for many years. A report by Cooper (1906) on the geology of the county provided data on water quality and contains descriptive comments by drillers and owners on the nature of the ground water. About a third of the comments term water as "trifle salty", "mineral", "brackish", or "very salty". Wells included in Cooper's tabulation ranged from 6 to 251 ft deep; the median depth was 60 ft. The report suggests that highly mineralized water has not been uncommon in the past even at shallow depths. At one location, water and depth to bedrock was described as "quite brackish; within 2 feet of surface; 60 feet to rock". A report by Owen (1902) indicates that waters from several wells installed in Monitor and Williams Townships prior to 1900, and thus prior to significant coal-mining activity in these townships, had dissolved-solids concentrations ranging from about 5,000 to about 11,000 mg/L.
The Saginaw Formation, which underlies glacial deposits and is the source of water for many wells, is known to yield water having a comparatively high dissolved-solids concentration at many locations in the eastern part of Michigan's Lower Peninsula. Statewide, Cummings (1980) found the mean dissolved-solids concentration of water from the Saginaw Formation to be 1,629 mg/L (milligrams per liter); whereas, 90 percent of all samples of other Michigan ground waters contained less than 630 mg/L. In the same survey, water from glacial deposits in Michigan had a mean dissolved-solids concentration of 241 mg/L. The mean pH of water from the Saginaw Formation was 7.6; the mean pH of water from glacial deposits ranged from 7.7 to 8.1, depending on the glacial unit tapped.
Field Measurements of Specific Conductance and pH
Specific conductance, an easily measured electrical property of water, was used in this investigation to estimate the dissolved-solids concentration of some water samples. The relation between dissolved-solids concentration and specific conductance, based on laboratory analyses given in table 3, is shown in figure 8 . For observed dissolved-solids and specific-conductance values the relation may be expressed as: The equation, which has a correlation coefficient of 0.99, was based on specific conductance values of more than 3,000 yS and less than 55,000 yS; thus, it may be less accurate at lower or higher values. The maximum specific conductance measured during this investigation (158,000 yS) was not used in formulation of the equation.
Measurements of specific conductance and pH of ground water are given in table 4. These data have been analyzed to determine variations in water quality related to location, source, and depth. Table 5 shows the range and median values of specific conductance and pH for each township independent of geologic source or depth. Frequency distributions of specific conductance and pH based on data from all seven townships are shgwn in figures 9 and 10. Fifty percent of the specific conductance values are equal to or greater than 2,750 yS; 25 percent are equal to or greater than 4,800 yS. Using the dissolved solids-specific conductance relationship previously discussed, values of 2,750 and 4,800 yS indicate dissolved-solids concentrations of about 1,480 mg/L and 2,690 mg/L, respectively. This further suggests that the dissolved-solids concentration of ground water in the study area is higher than commonly found in many other parts of the State. With respect to pH, 50 percent of the values were 7.6 or greater; 95 percent are 6.5 or greater. In general, more acidic water, once thought to be common, was not found.
Relation of Specific Conductance and pH to Source of Water
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Water withdrawn from near the glacial Data indicate that water in abandoned mines and coal deposits has the highest mineralization, and that water from the glacial deposits, the lowest. The highest single dissolved-solids concentration of water, however, was detected in a well in the Saginaw Formation.
Data for abandoned mines and coal are similar to those found by Handy (1982) in an investigation of the water quality of coal deposits and abandoned mines near St. Charles in Saginaw County adjacent to Bay County on the south. However, Handy found that the pH of samples from undisturbed coal beds decreased significantly in some instances after water was collected. For example, the field pH of one sample was 6.8; a subsequent laboratory measurement was 4.7. In another instance, the field pH was 6.8 and the laboratory pH was 4.3. The pH of water from abandoned mines, however, increased only slightly when allowed to stand. Changes in pH were not noted during the study in Bay County.
A comparison of data in table 7 with that in table 6 suggests that water Figure 11 is a plot of specific conductance values versus well depth for all data given in table 4. The plot suggests that ground water tends to become more highly mineralized as depth of well increases. A similar plot of data for Monitor and Williams Townships did not differ appreciably from that shown in figure 11.
Increased mineralization as depth increases is also illustrated in figure 12 , which shows frequency distributions of specific conductance of water from wells 100 ft or less in depth, and from wells greater than 100 ft deep, in Monitor and Williams Townships only. About 50 percent of specificconductance values of water from the deeper wells were equal to or greater than 5,000 yS; whereas, only 13 percent of the values of water from shallower wells was 5,000 yS or greater.
Because the Saginaw Formation may be encountered at comparatively shallow depths, specific conductance of water from only the Saginaw Formation in the seven townships was compared to depth of wells. Half of the wells were less than 143 ft deep. The median specific conductance of water from wells greater than 143 ft deep was 4,500 yS; the median value for wells less than 143 ft deep was 3,000 yS.
The similarity of water from the Saginaw Formation to water from abandoned mines in a given depth range can be illustrated by comparing the specific conductance values of water from each source. The depths of the major abandoned mines in Monitor and Williams Townships ranged from 140 to 210 ft; the median specific conductance of water from these mines was 9,660 yS. The median specific conductance of water from wells in the Saginaw Formation, in the same depth range in the same townships, was 8,860 yS. This comparison suggests that the characteristics of water from these two sources do not differ appreciably in a given depth range.
Mine Shafts and the Quality of Water in Glacial Deposits
To investigate the possibility of movement of highly mineralized water from abandoned mines into glacial deposits, an area encompassing the abandoned mines--Wolverine no. 2, Wolverine no. 3, and Robert Gage no. 6--was selected for closer examination ( fig. 13) . The area includes sections 1 and 12 of Williams Township, and sections 5, 6, 7, 8, 9, 16, 17, 18, 19, 20 , and 21 of Monitor Township. The locations of 10 former mine shafts have been identified in the three abandoned-mine areas. The specific conductance of water from all glacial-deposit wells within a radius of 2,900 ft of each shaft was tabulated. The median value was 2,500 yS, identical to the value previously determined for the seven townships as a group (table 6). Although this comparison does not demonstrate that movement of highly mineralized water upward through old mine shafts affects the quality of water in glacial deposits, it does suggest that such an affect, if it occurs, must be localized rather than pervasive throughout the mined area. (table 8 , at back of report) in an effort to determine the specific characteristics of water from each source. It was hoped that such analyses would provide an indication of the movement of water, and allow a determination as to whether water from abandoned mines was modifying the characteristics of water in the glacial deposits. Study of the data, however, failed to yield significant results.
Semiquantitative analyses of selected trace metals (table 9), including germanium, which is known to be high in Michigan coals, were made of water from wells installed by the U.S. Geological Survey. These Semiquantitative analyses also included antimony, gallium, tin, titanium, and vanadium. Because of the high mineralization of most samples, spectral interferences probably made results of the analyses for trace metals unreliable. There was no apparent correlation between concentration and source.
Analyses were made by using an Inductively Coupled Plasma-jet spectrophotometer (ICP).
Analyses of hydrocarbon gases and hydrogen sulfide also were made (table 10) . Hydrocarbon gases other than methane were not detected. Because 
only traces of methane and hydrogen sulfide were detected, the above data suggest that neither are suitable for tracing water movement. Concentrations of methane in water from coal seem to be higher as expected. Well B13A, which tapped an abandoned mine, vigorously discharged gas around the casing at land surface. The gas may have been carbon dioxide, although laboratory analyses and field pH measurements offer no evidence to confirm this.
Chloride/Sulfate Relationships
Chloride and sulfate concentrations seem to indicate water source. Figure 14 shows a plot of the chloride/sulfate ratios versus specific conductances for glacial deposits and coal. Not only is the specific conductance of water from coal higher, but the relative proportions of chloride and sulfate are different. Figure 15 shows a similar plot for glacial deposits and abandoned mines^. Overlap of the two areas delineated suggests some possible mixing of more highly-mineralized, abandoned-mine water with lessmineralized water in glacial deposits. Figure 16 shows a plot for glacial deposits and the Saginaw Formation. Characteristics of water from the Saginaw Formation are so variable, and the mineralization range so great, that it seems probable that water of the Formation is as likely to influence the water-quality characteristics of glacial deposits as does water from abandoned mines. Water having the highest specific conductance (158,000 yS, table 3) was from a well in silty beds in the Saginaw Formation, about 1 mi Chloride/sulfate ratios of water collected by Handy (1982) from coal deposits and abandoned mines plot within the appropriate areas delineated on figures 14 and 15. from any significant coal beds or former mining activity. Although water from abandoned mines undoubtedly moves into glacial deposits, water from the Saginaw Formation does also. Because characteristics of abandoned-mine water and Saginaw Formation water are sometimes similar, determining which of the two waters may have mixed with glacial deposits water is felt to be impossible based on data obtained during this study.
SUMMARY AND CONCLUSIONS
Monitor and Williams Townships are in the east-central part of Michigan's Lower Peninsula. The townships are underlain by glacial deposits and the Saginaw Formation. Coal was mined from deposits in the Saginaw Formation during the early part of this century. Past coal-mining activity has been thought by some to affect the quality of domestic ground-water supplies in the area. Twenty observation wells were installed and many water samples analyzed to determine the quality of ground water in the townships.
Glacial deposits, 75 to 175 ft thick, are primarily clay underlain in places by sand and gravel. The clay yields little or no water to wells, whereas, the sand and gravel yields sufficient water to some wells for domestic needs.
The Saginaw Formation, which is several hundred feet thick, is primarily shale and silty shale containing beds of siltstone, fine-grained sandstone, and coal. Coal beds generally range in thickness from a few inches to 4 ft and are lenticular. The Saginaw Formation is a poor source of water supplies. Although small quantities of water can be withdrawn from sandstone and siltstone beds, the water generally is highly mineralized.
The specific conductance of water from wells in the study area indicates that dissolved-sol ids concentrations are higher than commonly found in other parts of the State. Water having the highest specific conductance (158,000 yS) was from a well in silty beds in the Saginaw Formation, about 1 mi from any significant coal beds or former mining activity.
The specific conductance of ground water indicates that dissolved-solids concentration increases as depth increases. About 50 percent of specific conductance values of water from wells more than 100 ft deep were equal to or greater than 5,000 yS; whereas only 13 percent of the values of water from wells less than 100 ft deep were 5,000 yS or greater. The lowest specific conductance values were commonly found in water from glacial deposits.
Detailed chemical analyses, including semiquantitative analyses for several trace metals, showed no apparent correlation of concentration with source for most constituents. Analyses for hydrocarbon gases showed only traces of methane in some samples.
Plots of chloride/sulfate ratios versus specific conductance suggest that water of the Saginaw Formation is as likely to influence the waterquality characteristics of water in the glacial deposits as is water from abandoned mines. Although water from abandoned mines could modify the quality of water in glacial deposits in some places, identification of such situations seems impossible, because waters from both abandoned mines and the Saginaw Formation may move to the glacial deposits in the vicinity of a pumped well; water withdrawn from a well in glacial deposits is likely to be a mixture of waters from other sources.
DEFINITION OF TERMS
Altitude. Vertical distance of a point or line above or below sea level.
Aquifer. A formation, group of formations, or part of a formation that contains sufficient saturated permeable material to yield significant quantities of water to wells and springs. It is also called a groundwater reservoir.
Bedrock. Designates consolidated rocks underlying glacial deposits.
Concentration. The weight of dissolved solids or sediment per unit volume of water expressed in milligrams per liter (mg/L) or micrograms per liter (yg/L).
Contour. An imaginary line connecting points of equal value, whether the points are on the land surface, on the clay surface, or on a potentiometric or water-table surface.
Ground water. Water that is in the saturated zone from which wells, springs, and ground-water runoff are supplied.
Ground-water divide. A line on a potentiometric or water-table surface on each side of which the potentiometric surface slopes downward away from the line.
Specific conductance. A measure of the ability of water to conduct an electric current, expressed in microsiemens (yS) per centimeter at 25°C. Because the specific conductance is related to amount and type of dissolved material, it is used for approximating the dissolvedsolids concentration of water. For most natural waters the ratio of dissolved-solids concentration (in milligrams per liter) to specific conductance (in microsiemens) is in the range 0.5 to 0.8.
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